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INTRODUCTION

It has generally been assumed that the optimum strength-toughness proper-
ties for ASTM A723 pressure vessel steel (gun steel) were obtained with a tem-
pered martensite microstructur2. To the authors' knowledge, no heat treating
experiments below Mg have been performed on this material. This report outlines
the results of some experimental work.

The heat treatm?nt is shown in Figure 1. The steel is raised tn its
austenitizing temperature and quenched to a temperature below its Mg temperature
but above its Mg temperature. This results in an incomplete martensite trans-
formation of the supercooled austenite. The remainder of the austenite then
transforms to 1ower_bainite upon the ensuing isothermal hold treatment. Since
the martersite is formed first, the bainite forms between the martensite needles
resulting in a very fine alternating microstructure of martensite needles with
lower bainite in between, This is essentially a comp~site microstructure. The
resulting toughness properties from this heat treatment are shown in Figure 2.
It is clearr from this figure that some unusual toughness properties can be
obtained. These data were obtained in the FY87 program. The effects of tem-
pering on the mixed microstructure, as well as the establishment of strength-

toughness relationships, were studied in the FY88 program,

EXPERIMENTAL PROCEDURE

We wish to determine the strength-toughness relationship for a mixed
microstructure of martensite and bainite with the martensite produced first.
This can be accomplished by producing the microstructure with the isothermal

hold heat treatment below Mg, shown in Figure 1, and tempering at various tem-

peratures to change strength. The specific treatment chosen was austenitizing




at 830°C and isothermal holding at 250°C. This resulted ir a microstructure of
33 percent martensite and 67 percent bainite that previously resulted in the
highest fracture toughness (Figure 2), The tempering temperatures studied were
25°C (no temper), 260°C, 370°C, 480°C, 590°C, and 700°C. In addition, the
effects of tempering on an all-bainite microstructure produced with austen-
itizing at 830°C and isothermal holding at 300°C (austempering in Figure 1) were
studied to determine if a relationship existed between the properties of the

bainite constituent and the properties of the mixed microstructure.

RESULTS AND DISCUSSION

The strength-toughness properties of all the mixed microstructures pro-
duced are shown in Figure 3. Aiso plotted in Figure 3 is the range of the pre-
viously measured strength- toughness relationship for an all-martensite
microstructure for ASTM A723 steel. As shown in the figure, the properties
obtained with an all-martensite microstructure (the filled squares and the Xs)
overlap the band of the previously observed results. Furthermore, it is
apparent that the mixed microstructure (open diamonds) will produce equal or
superior properties. Thus, we have somewhat expanded the envelope of attainable
properties with the mixed martensite/bainite microstructure.

The effects of tempering on the mixed martensite/bainite microstructure are
shown in the strength-toughness plot in Figure 4. The range of properties
observed with an all-martensite microstructure is plotted again for reference.
The data that are outside the box at 170 Ksi ultimate tensile strength are the
measurements obtained in FY87 and repeated in FY88. Unfortunately, it is clear
that the effect of tempering at different temperatures to produce a higher

strength material is to decrease toughness to the point that the resultant




strength-toughness relationshig is no better than, or even worse than, the all-
martensite microstructure,

These results are also presented as the overlay plot of strength or
toughness versus tempering temperature shown in Figure 5. In this plot, the
basic trend from tempering is as expected. Referring to ultimate tensile
strength (the filled diamonds), increasing the tempering temperature gradually
decreases the strength to about 590°C tempering temperature, At 700°C, there
~ust be some secondary hardening phenomenon taking place. However, that
discussion is beyond the scope of this report. The proper trend is also
observed with the fracture toughness results (the open diamonds). As tempering
temperature is increased, the toughness gradually increases, but at 590°C the
toughness increases dramatically. Also shown in Figure 5 are the effects of
tempering on an all-bainite microstructure. At low temperature tempers, the
toughness of all-bainite is essentially the same as the toughness of the mix-
ture. At 480°C, the mixed microstructure is somewhat above the all-bainite
properties, and at 530°C the mixed microstructure gives properties significantly
above the all-bainite microstructure. This suggests that with low temperature
tempering, the toughness properties of the mixed microstructure are controlled
by the properties of the bainite. At higher tempering temperatures, some other
property must control the properties of the mixture.

Figure 6 demonstrates which property may control the toughness properties by
showing the effects of tempering on the hardness of an all-martensite and an
all-bainite microstructure. This figure also compares the effects of tempering
on the hardness of the mixed microstructure. At tempering temperatures below

about 700°F (370°C), bainite does not temper; the hardness remains constant. In

the same tempering temperature range, martensite and the mixed microstructure




will gradually soften. However, the hardness of the mixed microstructure cannot
be determined from a knowledge of the properties of the two constituents. This
suggests that under these conditions, there must be a different mechanism
controlling the hardness of the mixed microstructure and the hardness of the two
constituents. Weak bonding of the martensite/bainite interfacos may be the
culprit. Tempering above 700°F (370°C) does indeed temper the bainite, and the
change in the hardness of the bainite between TOO°F (370°C) and 900°F (480°C) is
significant. There is also a much larger relative change in hardness in an all-
martensite microstructure between these two tempering temperatures. At the same
tempering temperature range (above 900°F (480°C)), the hardness of the mixed
microstructure falls between the hardness of the two constituents, suggesting
that the same mechanism is controlling the hardness in all three cases. It is
also interesting to note from Figure 5 that tempering at 480°C results in the
mixture having a greater toughness than the all-bainite microstructure. This
suggests that for increased toughness (as compared with an all-bainite

microstructure), the bainite must be tempered.

CONCLUSIONS

The results of the FY88 program have clearly demonstrated that it is
possible to produce a mixed microstructure in ASTM A723 steel with superior
strength and toughness relative to an all-martensite microstructure. The effect
of tempering this microstructure is that the strength and toughness will be
comparable to the properties of an all-martensite microstructure. To obtain

superior properties, the microstructure must be tempered near 600°C.
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Figure 1. Various heat treatments possible with ASTM A723
pressure vessel steel.
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HARDNESS, ROCKWELL A SCALE (60kg LOAD)
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84 p HARDNESS OF A723 STEEL AUSTENITIZED AT b
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Figure 6. Hardness of A723 steel austenitized

at B830°C (1526°F) and heat treated.
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